Molecular dynamics (MD) simulations are performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS) code 1 . The adaptive intermolecular reactive empirical bond order (AIREBO) potential 2 is used to describe the interatomic interaction for tip and polycrystalline graphene. It should be noted that the smaller cutoff distance in the switching function of AIREBO potential should be taken in the range of 1.92−2.0 Å to avoid a known nonphysical post-hardening behavior 3 . For the present study, this cutoff distance is set at 2.0 Å 4 .
2
The interatomic interaction between tip and polycrystalline graphene is described by the longrange van der Waals interactions 5 .
In the present MD simulations, we use the hemispherical diamond tip that is allowed to deform together with the circular polycrystalline graphene, as shown in Fig. S1 . The tip is prepared by cutting the hemisphere from a bulk diamond sample. The radius of tip is 10 nm.
Note that this tip size is similar to that used in recent nanoindentation experiments [6] [7] [8] [9] . The tip is first relaxed at 0 K using molecular statics simulations to minimize its total energy. Subsequently the tip is gradually heated to and equilibrated at 300 K. The top 1.0 nm of the tip is held rigidly during simulations of normal loading. The circular polycrystalline graphene is cut from a square polycrystalline graphene. The square polycrystalline graphene sample is generated using the Voronoi tessellation method [10] [11] [12] . The sample has a length of 50 nm, width of 50 nm, and contains four randomly oriented grains of various shapes and sizes with an average grain size of 28.2 nm. The grain positions are randomly distributed within the simulation sheet. The created polycrystalline graphene sample is annealed to eliminate low or high-density regions near the grain boundaries (GBs) and junctions. We first anneal the sample at 3000 K for 50 ps after which the sample is quenched to 300 K during a 10 ps run allowing the sample to obtain its equilibrium size (pressure driven to zero) 13 . The edge of the circular polycrystalline graphene with length of 1 nm is held rigidly during simulations of normal loading.
The indentation simulations are performed at 300 K and from the simulations, the normal load vs. indentation depth relation can be obtained. To do so, the tip is driven towards the polycrystalline graphene at speed ranging from 0.25 to 1.0 Å/ps. The normal load is calculated as the average force in the normal direction exerted on the tip by the polycrystalline graphene. The indentation depth is defined as the difference between the lowest point of the tip and the initial 3 position of the polycrystalline graphene sheet. Periodic boundary conditions are applied in both lateral directions. 
Effect of the loading speed

Single-crystal graphene indentation
For comparison, the single-crystal graphene indentation is also performed under the same simulation conditions, as shown in Fig. S3(a) . The normal load vs. indentation depth (d) is plotted in Fig. S3(b) . A sequence of snapshots that capture rupture process for single-crystal graphene at different indentation depths are shown in Fig. S3(c) . A non-uniform stress distribution is clearly observed around the indenter tip. The stress decreases inversely with distance from the indenter tip. The rupture starts directly from the contact between the tip and the single-crystal graphene due to the high local atomic stresses.
Atomic stress distribution in the polycrystalline graphene
When the indenter tip is positioned at the grain center, it is found that the initial crack starts from a GB rather than grain interior. Figure S4 shows the atomic stress distribution at the indentation depth of 77.2 . It is seen that the GB generally has higher atomic stresses. In addition, the strength of GB is weaker than that of the pristine crystalline grain, hence GB is more prone to cracking. It is noted that GB is generally more defected and contains a combination of 5, 7, 8-membered rings, it is less stiff and more compliant, and expected to have a lower load-carrying capacity than grain interior 14 . 
Figure Legends
